The paper presents the specialized measurement system aimed on reliable recording of electrohysterographical (EHG) signals in pregnant women. System offers efficient attenuation of the mains interference and DC offset, together with adjustable gain, allowing to suit its sensitivity to the level of signal available in the particular patient. The noise level is further reduced by optimized bandwidth and optical fiber based connection between the EHG device and recording computer.
Introduction
Measuring of human bioelectrical potentials has long history. There are many commercial devices designed to measure well known bioelectrical signals such as electrocardiogram (ECG), electroencephalogram (EEG) or electromyogram (EMG).
However there are increased clinical and cognitive needs to register and analyze bioelectrical signals generated by other human organs, e.g. a stomach, an intestine, a bladder etc. In spite of that from histological point of view, most of these organs are composed of a muscle tissue, signal levels and power density spectra of generated bioelectrical signals are different. Thus, it is difficult to use for this purpose commercial devices specialized for electrocardiography or electromyography.
An example of such signal, relatively rarely observed in clinical practice is an electrohysterographical signal (EHG) generated by myometrium. The measured bioelectrical potentials precede mechanical contraction of an uterus.
The postulated clinical application of EHG is a hazard prediction of preterm labour, assuming that changes in bioelectrical potentials can be measured significantly earlier before a mechanical contraction detected by a patient or by a tocography [1] .
However, there are also other potentially important applications of EHG in obstetrical management. Analyzing of EHG parameters may be useful for dose optimization of tocolytic drugs [2] . Moreover, observed disturbances in propagation of EHG signals in myometrium may explain a prolonging second period of a labour and thereby can be helpful in a decision on a caesarean section.
There are numerous published results indicating clinical usefulness of EHG monitoring in obstetrical care [3] .
However, there is no measuring and analyzing standard for EHG signals because of very inadequate knowledge about an uterine electrophysiology and significant person-to-person variability of these signals.
The EHG signals were registered in two channel devices by Graczyk et al. [4] . The example of electrical and mechanical activity of an uterus is shown in Figure 1 .
Performed systematic review of publications shows that most teams measured EHG using commercial multipurpose physiological signal recorders equipped with 2-5 channels composed of two bipolar electrodes. These devices had a constants amplifier gain for all channels.
Due to broad application range, these devices featured a wide frequency bandwidth, usually up to 1 KHz. However the recorder signal was always afterwards downsampled to 20 or 5 Hz.
In our opinion, such wide frequency bandwidth may lead, due to intermodulation, to distortion of a downsampled signal with undesirable components, originating from skeletal muscles.
Moreover, our experiences, as well as theoretical models, elaborated by Rabotti et al. [5] indicate that thickness and a spatial distribution of a fatty tissue can affect measured signals.
Also, the hitherto applied measuring systems use relative long electrical wires, which, due to capacitive or inductive coupling, can receive electrical interferences from an environment, which can affect the analyzed EHG signals.
Therefore, the goal of our work was to elaborate a measurement system, designed for EHG signal, which Figure 1 . The example of a physiological EHG signal obtained from the database of two-channel EHG signals registered by Graczyk [4] eliminates the above mentioned sources of disturbances.
The introduced concept of programmable amplifier gain setting, based on a reference signal recorded for each of 4 channels, enabled to overcome an electrical attenuation of a fatty tissue.
Use of optical fiber based connection between the EHG device and the recording computer, together with application of low noise amplifiers significantly decreased non-biological electrical disturbances. The device consists of two functionally different parts:
Hardware description
• The analog subsystem receives signal from electrodes, eliminates undesired components and delivers the amplified usable signal to the analog to digital converter (ADC).
• The digital subsystem receives digitized samples of the EHG signal from the ADC and sends them to the computer (PC). Additionaly it provides possibility to control the EHG device from the connected PC.
Analog part of the EHG device
The analog part of the EHG device consist of four identical channels. Each of them contains differential input instrumentation amplifier INA118 [6] (gain 20.2 dB), and two similar, two stage, parallelly working, conditioning amplifiers. One of them is a constant gain (40 dB) amplifier (reference amplifier), and the second one is a programmable gain amplifier with selectable gain equal to 48.5 dB, 54.5 dB, 62.5 dB or 68.5 dB. The gain selection is assured by switching of resistances in the feedback loop, with CD4066 analog switches, controlled by the microcontroller located in the digital part. The second stage of both "reference amplifier" and "programmable amplifier" is a second order Bessel active low-pass filter with gain 7.7 dB and 5 Hz cut-off frequency.
Each of eight outputs (each channel has double output) is connected to one of eight inputs of 16-bit ADC.
The common mode voltage of EHG signal comprises To suppress the DC offset, each input stage is the high-pass filter with 0.04 Hz -3dB cut-off frequency (it is achieved by use of a low-pass filter in a negative feedback loop of differential input amplifier).
To suppress the 50 Hz interference, and additionally increase suppression of the DC offset, the common mode component of the signal is additionally amplified by 25 dB and used to drive the reference electrode (connected to the right leg of the patient) in inverse phase. Measured approximate Common Mode Rejection Ratio (CMRR) of the input stage is equal to 120 dB.
With this solution, the total gain in each channel has two different values: 60.2 dB (20.2 + 40) in reference branch, and 68.7 dB, 74.7 dB, 82.7 dB or 88.7 dB -in programmable gain branch of the analog channel. It means, that the ADC receives and digitizes two values of the same signal. First of them (from the reference amplifier) is used to calculate the optimal gain for programmable gain amplifier in this channel, to fully utilize the dynamic range of the ADC (to achieve about 50% of full scale voltage). Analyzis of the reference signal and selection of optimal gain is performed by the PC software, described in the section 3.
Digital part of the device
The digital part of our measurement system has been optimized taking into consideration the metrological parameters, the power consumption and the price.
As the Analog to Digital Converter (ADC) we have used the MAX1168 16-bit, 8 channel, 200 ksmps/s converter [7] due to its good metrological characteristics (16-bits,no missing codes), low power consumption -3.6 mA at 200ksmps/s sampling, decreasing to 185µA at 10ksmps/s, relatively low price and good availability.
The whole device is controlled by the ATmega168P [8] microcontroller. This 8-bit microcontroller offers low power consumption combined with good performance when executing code written in C, at very low price.
The ADC is controlled via the SPI interface, and the gain selection is provided by 8 pins of the microcontroller driving the CD4066 analog switches.
Communication with the PC computer providing user interface, processing and storing the data, is assured by the UART interface.
The communication link is additionally equipped with optoisolation, warranting safety of the patient and low level of mains interferences.
The microcontroller program is written in C language and compiled with the avr-gcc optimizing compiler.
The microcontroller firmware is interrupt driven, and most of the time the microcontroller works in sleep mode, which reduces both power consumption and interferences. The device is powered from the rechargable battery. Fully charged battery provides energy sufficient for 100 typical, 15 minutes long measurements.
To avoid unnecessary discharge of the rechargable battery, the firmware continuously monitors connection with the PC computer.
If no command from the PC is received during 3 minutes, the device automatically switches off. To allow early detection of random disconnection, before the device switches off automatically, after one minute the LED diode starts to blink slowly, and after next minute the blinking rate increases.
Data processing and PC Software
Except of the EHG device, the second important part of our system is the software running on the PC computer or laptop.
The software was developed in Python [9] using GTK GUI toolkit [10] and matplotlib plotting library [11] .
The main task of this application is to save the received EHG data to the file, however it provides also additional functions necessary to configure, and continuously control the EHG device.
The graphical user interface (GUI) provided by the application is presented in the Figure 4 . The GUI allows to enter the patient's data and to establish connection with the EHG device and with the cardiotocograph (CTG) device. It is also possible to manually start and stop the measurement, and to manually change the selectable gain in any channel (using the "+" and "-" buttons). The received signals are continuously displayed in the right part of the screen, allowing to verify if the electrodes are attached correctly. Additionally application allows to plot the CTG signal from the fetal monitor connected directly to PC.
To help the operator, application also displays an image with correct placement of electrodes.
Except of manual gain selection, the software offers also possibility to automatically calculate the optimal gain in the beginning (first few minutes) of registration. The higher is the BMI (Body Mass Index) of a pregnant woman, the higher gain is requested by the EHG system. Higher gain can however cause problems. When amplitude of the signal increases, the programmable gain amplifier and ADC can go out of linear range of operation (get saturated), and distort the shape of the signal. Even if such event happens, we can still use the signal from reference amplifier (with small gain) instead of programmable gain amplifier, so the signal to noise ratio (SNR) will be worse, but measurement will not be lost.
To recover from the described situation a procedure for automatic gain control was implemented. Two conditions must be fulfilled in order to reduce gain:
• presence of burst of signal samples exceeding given threshold
• presence of signal not exceeding given threshold in corresponding channel with minimal gain.
The second condition allows to avoid reducing gain because of temporary disruptions, which may result, for example, from the movement of a patient. Communication between the PC software and the EHG device is based on a very simple protocol.
The EHG device sends frames containing the digitized samples of signals from all 8 inputs of the ADC (4 channels, 2 inputs with different gains per channel). These frames contain also additional information like the battery status and currently selected gains (for verification). All frames are labelled with the header and sequential number, and are protected with the CRC, which allows to detect and eliminate corrupted frames in case of communication problems.
The PC also sends frames to the EHG device, which may contain requests to change gain in selected channels, to short selected inputs to the ground, or to switch off the EHG device. Even if no changes are requested from the GUI or from the algorithm selecting the appropriate gain, the PC periodically (every 2 seconds) sends the frames to the EHG device, to keep it active. If no frames is received by the EHG device during 3 minutes, the device will switch off, as described in the section 2.2.
Results
The elaborated EHG system was tested in Obstetrical Department of Mother and Child Institute. The 4 channel EHG signals together with tocographical signals were recorded among pregnant women expecting a labor. We present two examples of these acquired signals. The first one, presented in the Figure 5 was registered in relatively slim woman with BMI = 21 kg/m 2 . She had moderate uterine contractions seen in tocographical signals. However, electrical activity of her uterus produced overdrives of the amplifiers observed in two channels.
The next example, shown in the Figure 6 is a recording of signal from a woman with BMI = 25 kg/m 2 with very week uterine contractions. These mechanical contractions corresponded with uterine electrical activities were observed in EHG signals. However, none of channels was overdriven.
The last example, presented in the Figure 7 shows situation, where in conventional design the overdrive in one channel would result in distortion of recorded waveform, and loss of data, until the gain is manually reduced by the operator. In our design, the low gain reference channel is able to record undistorted signal all the time, at the cost of lower SNR.
Conclusion
Numerous published results suggest that measuring of a bioelectrical activity of a pregnant uterus can provide clinically useful information.
However, there are some still unsolved problems associated with electrohysterography, such as:
• unknown sources of signal noises
• minimal sufficient number of electrodes and their optimal placement on an abdominal skin
• methods of EHG signal parametrization and extraction of clinically useful information.
In our paper we focused on the compensation of influence of body mass index (BMI) of a pregnant woman on EHG signal. We elaborated 4 channels EHG measuring system with variable amplifier gains. Setting of proper amplifier gain in each channel individually allowed to fully utilize the input range of the ADC converter. Moreover, application of optical fibers reduced disturbances introduced by capacitive and inductive coupling in connection wires. Continuous transmission of digitized EHG signals to a notebook provides an opportunity for implementation of comprehensive signal processing algorithms. We are also going to propose a decision system which will gather data from obstetrical examination, tocography and electrohysterographical signals to predict a preterm labor.
